We demonstrate 64 Gbps operation in a compact Si photonic crystal optical modulator that employs meander line electrodes and compensate for the phase mismatch between slow light and RF signals. Although low dispersion slow light increases the modulation efficiency, maintaining a sufficiently wide working spectrum, the phase mismatch becomes a limiting factor on the operation speed even when the phase shifter length is as short as 200 μm. Meander line electrodes broke this limit and enhanced the cutoff frequency by up to 31 and 38 GHz using 50 Ω and 20 Ω termination resistors, respectively. This allowed to use a group index of slow light higher than 20, and greatly improved the quality of the modulation characteristics at 25 and 32 Gbps. Clear open eye was observed even at 40-64 Gbps.
Introduction
In recent years, a large number of low-cost and high-speed optical transceivers have come into use as optical interconnects. In the current 100 Gbps Ethernet, 10-25 Gbps/lane are being used, whereas speeds higher than 40 Gbps/lane will be desired in the next era of 400 Gbps standards [1] . Therefore, one approach that is being considered is to use wavelength division multiplexing; however, the management of wavelengths becomes more severe. Although pulse amplitude modulation is an alternative candidate to reach higher speeds, it requires a larger signal amplitude, higher power consumption, and some sort of bit error correction. This means that phot-electronic circuits and systems become larger, more complicated, and costly. Therefore, simply increasing the baud rate is another promising option. For example, highspeed beyond 50 Gbps has been reported in Si modulators [2] [3] [4] [5] .
The miniaturization of devices not only contributes to low power consumption but also improves the degree of freedom in the layout and compactness of modules. High-speed small modulators that are currently being studied include resonators; plasmon waveguides; and those using Si photonics, electro-optic (EO) polymers, etc [6] [7] [8] . However, they have some disadvantages: a narrow working spectrum, a large optical loss, and/or low compatibility with complementary metal-oxide-insulator (CMOS) processes. We have studied Si photonic crystal waveguide (PCW) and lattice-shifted PCW (LSPCW) slow light modulators, which have a short phase shifter length, L = 200 μm, and a wide working spectrum of 15-20 nm [9] [10] [11] [12] , thus assuring a wide temperature tolerance; we have demonstrated the operation from 19°C to 124°C. We have previously reported an optimized p-n junction that exhibited 32 Gbps modulation with an extinction ratio higher than 3 dB at a drive voltage (V pp ) of 1.75 V. In that report, the on-chip passive loss was approximately 5 dB, and it demonstrated a wellbalanced performance. However, it did not reach a bit rate over 40 Gbps; we only observed a barely open eye in the old study [9] . One reason for this is the phase mismatch between slow light and RF signals. When the frequency becomes higher or the group index, n g , of slow light becomes larger, this mismatch becomes more severe. In our previous study, we theoretically suggested that the phase mismatch could be compensated for by meander line electrodes and termination resistors that delay the RF signals, and predicted that the operation speed can be increased to 5 this prediction Figure 1 show (248 nm) and PCW was des 400 nm, and shift in the L we employed the waveleng particularly n n-type doping respectively. H 4 μm to avoid distance from avoid the co electrodes wa at 422, 804, 1 μm, and the o 0.75 dB from the chip, and the DC bias respectively, a loss was estim for another de we tuned this loss (ML).
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Frequenc
We reached 38 GHz when R L = 20 Ω. This is explained by considering the phase of the RF reflectivity at the termination,
where Z 0 is the characteristic impedance of the phase shifters. If R L − Z 0 < 0, Γ L also takes a negative value, and this causes the phase inversion of the reflected RF signals, which suppresses the low-frequency response and results in a pre-emphasis of the high-frequency components. The frequency response, η(f), of the meander line electrode device is expressed as follows [11] : 
where Z g is the internal impedance of the signal generator, V g is the drive voltage from the signal generator, γ is the complex propagation constant of the RF signals, for which α is the attenuation constant and β RF is the propagation constant, n d is the refractive index in the delay line, n RF is the junction, and C pn is the capacitance of the p-n junction. The solid line in Fig When n g = 20 and L d = 1186 μm, f 3dB was evaluated to be 31 GHz, which is close to the theoretical value. Even for n g = 30 and 40, f 3dB improved to ~30 GHz by lengthening the delay line part. This clearly shows the effect of the phase matching. 
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